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Introduction

Indirect-drive targets planned for the National
Ignition Facility (NIF) laser consist of spherical fuel
capsules enclosed in cylindrical Au hohlraums. Laser
beams, arranged in cylindrical rings, heat the inside of
the Au wall to produce x rays that in turn heat and
implode the capsule to produce fusion conditions in
the fuel. Detailed calculations show that adequate
implosion symmetry can be maintained by filling the
hohlraum interior with low-density, low-Z gases.! The
plasma produced from the heated gas provides suffi-
cient pressure to keep the radiating Au surface from
expanding excessively.

As the laser heats this gas, the gas becomes a rela-
tively uniform plasma with small gradients in velocity
and density. Such long-scale-length plasmas can be
ideal mediums for stimulated Brillouin Scattering (SBS).
SBS can reflect a large fraction of the incident laser
light before it is absorbed by the hohlraum; therefore,
it is undesirable in an inertial confinement fusion (ICF)
target. To examine the importance of SBS in NIF targets,
we used Nova to measure SBS from hohlraums with
plasma conditions similar to those predicted for high-
gain NIF targets. The plasmas differ from the more
familiar exploding foil or solid targets as follows:
they are hot (3 keV); they have high electron densities
(n, = 10%lcm™3); and they are nearly stationary, confined
within an Au cylinder, and uniform over large dis-
tances (>2 mm). These hohlraums have <3% peak SBS
backscatter for an interaction beam with intensities of
1-4 x 1015 W/cm?, a laser wavelength of 0.351 um, /4
or f/8 focusing optics, and a variety of beam smoothing
implementations. Based on these conditions, we conclude
that SBS does not appear to be a problem for NIF targets.
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Theory

In the NIF targets, the laser beams will propagate
through several millimeters of plasma (n, ~ 102lcm=)
before depositing energy in the hohlraum wall. In this
case, n,/n. ~ 0.1 for 0.351-um light, where n_ is the
critical density or the maximum density through which
light of a given wavelength can propagate. The fraction
of the laser energy that is collisionally absorbed in the
low-Z (low atomic number) gas fill is modest (~10% at
the peak of the laser pulse). However, estimates based
on simple linear gain theory generate concern that SBS
reflectivities could exceed acceptable levels for the
large-scale-length plasmas in these targets.

SBS is one of several parametric instabilities that can
occur in a plasma. In the case of SBS, the laser light
reflects off of an ion-acoustic wave in the plasma. A
chain of events occur if certain resonance conditions
are met: the size of the ion-acoustic wave increases,
which causes the scattered light to increase, which
causes the ion-acoustic wave to increase, etc., until
nonlinear effects limit the process. SBS reflectivity
>10% may unacceptably degrade target performance
by reducing the energy available for radiation heating
and/or by disrupting symmetry.

In the NIF plasmas, density and velocity gradients
are weak (although they limited the growth region for
SBS in previous experiments); however, damping of
the SBS-produced ion waves by light ions in the gas fill
is efficient? and limits the SBS gain coefficient. Predicted
gain coefficients for NIF plasmas, using linear theory,
are >20, whereas gains of <15 are required to insure
reflectivities of 10% or less. For such large gains, theo-
retical estimates® indicate that nonlinear mechanisms
will limit the scattering to lower levels. Because non-
linear damping is difficult to calculate, we must do
experiments to verify these estimates. Previous SBS
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experiments are insufficient, since the plasma conditions
in past studies? differ significantly from expected NIF
conditions. For those exploding foil or solid targets,
where scale lengths <1 mm and electron temperatures
T, ~ 0.5-2 keV were typical, SBS is limited by detuning
(loss of phase matching conditions), due to gradients in
the flow velocity. The lack of quantitative theoretical
understanding of those experiments discourages
extrapolation to NIF conditions. There is little data on the
effect of various beam-smoothing techniques, or increased
laser bandwidth, interacting with NIF-type plasmas.

Random phase plates (RPP)° and temporal smoothing
methods such as smoothing by spectral dispersion
(SSD)® are commonly used in laser-plasma interaction
experiments to increase the time-averaged beam uni-
formity at the target plane. The idea is to avoid having
higher-than-average intensities in the interaction region,
since high intensities more easily drive SBS. Localized
regions of higher intensity can occur because of imper-
fections in the laser beam. They can also occur when
there is filamentation of the beam in the plasma. The
filamentation instability has thresholds very similar to
those for SBS, and can be initially seeded by imperfec-
tions in the laser beam. The smoothing techniques
reduce the intensity variations in the beam but on a
time scale that is often comparable to the SBS growth
time. The interactions among SBS, filamentation, and
the short-time-scale smoothed beam are complicated
and not completely understood. One goal of these
experiments is to test the f-number and temporal
smoothing scale of SBS.

Instability growth in an RPP intensity distribution’
can vary with the size of the speckles. The role of
speckles in determining instability levels is important
for NIF because the underdense plasma size is large
compared with the speckle length of the proposed /8
beam focusing. In simulations,?? /8 beams filament
more than f/4 beams. Three-dimensional simulations1®
show that SBS reflectivity, unlike filamentation, is not
directly limited by the speckle length. In these simula-
tions, SBS grows over the entire resonant region, which
is several speckles long, with a total gain greater than
that calculated for the average intensity. However, even
if the bandwidth is less than the SBS growth rate, tem-
poral smoothing reduces SBS by partially destroying
the cooperative scattering among hot spots. Modification
of the RPP intensity distribution by filamentation could
also affect SBS. For the plasma parameters of these
experiments and laser intensity | ~ 2 x 1015 W/cm?,
simulations indicate that f/4 speckles are stable to
filament but /8 speckles are unstable.? Temporal
smoothing makes filamentation more difficult because
the filament must form rapidly, before the hot spot
moves to a different location.

Experiment

We use the Nova laser to produce plasmas with con-
ditions similar to those predicted for NIF hohlraum
targets and to measure SBS from these plasmas. In these
experiments, the targets are cylindrical Au hohlraums
with a length and diameter of 2.5 mm.! The hohlraums
do not contain capsules, but are filled with neopentane
(CgH,,) gas at a pressure of 1 atm (n, = 102.cm=3 when
fully ionized). For some targets, a trace of Ar is also
added for diagnostic purposes. As shown in Fig. 1, the
gas is contained by two polyimide (C,,H;;,N,O;)
windows ~6500 A thick. Nine of Nova’s beams are used
to heat the gas with ~30 kJ of 0.351-pum light in a 1.4-ns
shaped pulse. The tenth beam is a probe, or interaction,
beam whose intensity, pulse shape, f-number, and
“smoothness” are varied. The SBS backscatter intensity
and spectrum from the interaction beam are measured
with temporal resolution of 100 ps and spectral resolu-
tion of 1 A. The interaction beam has a trapezoidal
pulse with a ~600-ps flat top and a ~300-ps rise and
fall time. The interaction beam is typically delayed
~600 ps relative to starting the heating beams and is
smoothed spatially with an RPP, providing peak average
intensities in the range of 1-4 x 101 W/cm2. Temporal
smoothing is done either by SSD with FM bandwidth®
or by four colors. (See “Four-Color Irradiation System
for Laser—Plasma Interaction Experiments,” p. 130 of
this Quarterly for a discussion of four-color systems.)
The four-color scheme propagates four different fre-
guencies through four quadrants of the laser. The
focusing lens overlaps the frequencies at the focal
plane. The line separation is &\ = 4.4 A at 1.053 um for a
total line width of 13.2 A for these experiments (four-
color bandwidth with 8\ 010 A is proposed for the NIF).

To produce a uniformly hot plasma inside the Nova
hohlraum, a substantial fraction of Nova’s energy
(~12 kJ) must be coupled to the gas. Because the
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FIGURE 1. Schematic diagram of the target geometry. Shaded
regions show the focusing and pointing of the heater beams (light
shading) and interaction beam (dark shading). (10-01-0395-0652pb01)
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absorption length exceeds the target size for the
temperatures of interest (>5 mm for 0.351-pm light at
T, =3 keV), the energy absorbed in the gas is determined
by the laser-path length. The heater beam geometry
(shown in Fig. 1) has the long path length necessary to
maximize the absorption in the gas and to produce the
desired plasma temperature. We also use a ramped
pulse for the heater beams, which keeps the initial
intensities low, to minimize scattering from the solid
window material or the initially cold fill gas.

The detailed plasma conditions for the Nova gas-filled
hohlraums and NIF targets are obtained from two-
dimensional LASNEX!2 simulations. The simulations are
cylindrically symmetric about the hohlraum axis and
include the Au hohlraum wall, the gas fill (including
dopants in the Nova targets), the membrane over the
laser entrance hole (LEH) which confines the gas, and
(in the case of the NIF target) the capsule. Standard
LASNEX models are used for Lagrangian hydrody-
namics, laser absorption, electron and radiation
transport, and nonequilibrium atomic physics. The
simulations predict that a uniform plasma (~2 mm long)
with n, ~ 102tcm=3, T, ~ 3 keV, and flow velocity
<10’cm/s is maintained for longer than 0.5 ns during
the peak of the interaction pulse. Under these conditions,
the small signal intensity gain coefficient for SBS is

_1601A2 n,, M, CHL
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where A is the laser wavelength and L is the plasma
length, both in micrometers; T, is in keV; w, and v, are
the ion-acoustic-wave frequency and amplitude damp-
ing rate, respectively; and I is in W/cm?2,

To illustrate the similarity between plasma condi-
tions in NIF target designs and these Nova gas-filled
hohlraums, Table 1 summarizes the SBS gain and the
calculated values of the plasma parameters in the
underdense plasma that determine the gain.

The Nova plasma parameters are within ~50% of
the NIF values except for the T,/ T, ratio (where T, is
the ion temperature), which is lower in the Nova targets

TABLE 1. Comparison of selected plasma parameters for Nova gas-
filled hohlraums and NIF targets.

Nova NIF
Interaction length ~2mm ~3mm
Line density [ (n./n.) dI ~0.2 mm ~0.3mm
Te 3kev 5 keV
T,/T, ratio 0.1-0.2 0.4
Gain coefficient Gggg
(2 x 1015 W/ecm?) 22 21
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due to the shorter time available for electron-ion equi-
libration to occur. This difference leads to larger ion
acoustic wave damping v, in NIF than in Nova targets.?
However, the difference in path length compensates to
give similar gain coefficients for NIF and Nova targets
at the same intensity (I 02 x 1015 W/cm?). Hence, these
Nova targets access conditions that are very similar to
NIF designs both in SBS linear gain and in the individ-
ual plasma parameters that determine the scattering
characteristics. Calculated gain coefficients for the
highest-intensity Nova experiments (I 05 x 1015 W/cm?)
exceed the NIF value by more than a factor of two.

We performed extensive characterization to assure
that predicted plasma conditions were achieved in the
underdense plasma. The T, is inferred from both single-
element and isoelectronic line ratios!? using Ti/Cr or
K/Cl spectra from thin foils placed in the path of the
interaction beam. In the isoelectronic technique, one
looks at x rays emitted from different ions, which
contain the same number of electrons (e.g., X rays from
Ti and Cr ions that each contain one electron “H-like”).
The ratio of the x-ray intensity from these differing ions
is temperature dependent, but is nearly independent
of other parameters, such as density.13 This makes the
analysis and interpretation of the data more straight-
forward. Detailed analysis of the isoelectronic spectra
confirms that T, > 3 keV during the interaction pulse.14
Time-resolved measurements without the interaction
beam verify that electron conduction provides good
temperature uniformity. Several diagnostics characterize
the propagation of the heating beams through the
(initially) cold gas. A streaked x-ray spectrometer
records the temporal history of Au M-band x rays
emitted through the LEH. This measures the time at
which the laser beam begins to heat the Au wall of the
hohlraum; from this data, we can deduce the average
beam propagation speed through the gas. Time-gated
(CIL00 ps) x-ray images, dominated by emission from
1% Ar dopant in the gas, provide evidence that the
beams propagate without significant breakup or
refraction. These experimental observations, which are
in good agreement with LASNEX predictions, support
important aspects of our modeling of NIF targets.

SBS Data and Discussion

Backscattered light near the laser frequency is col-
lected by the interaction beam focusing lens and is
measured with a grating spectrometer-streak camera
combination to provide spectrally and temporally
resolved data. The resolutions are 0.1 nm (spectral)
and 100 ps (temporal). We also use time-integrating
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calorimeters to provide an absolute calibration. Figure 2
shows a typical spectrum. Just after time zero, before
the interaction (or “probe’) beam is turned on, weak
sidescattered light is observed from the “heater” beams
as they interact with the polyimide window. At 0.6 ns,
the “probe” beam is turned on; its reflection from the
expanding polyimide window at the LEH produces
the unshifted feature observed to start at 0.6 ns. A
stimulated Raman scattering diagnostic (not shown)
observes w/2 scattered light (700 nm) at this time;
since half-harmonic light is generated at the n_/4, this
confirms the LASNEX prediction that the expanding
window plasma density is still over n./4 when the
probe beam is first turned on. However, it quickly
drops below the gas density of 0.1 n, and red-shifted
SBS is then observed. This SBS backscatter (shown in
Fig. 2) peaks soon after the interaction beam reaches
peak intensity and decreases before the intensity drops.
We calculate that the decrease is due to an increase in
the ion acoustic wave damping rate, as the ratio of
T,/T, increases. The time dependence of this ratio is
due to the relatively slow heating of the ions; the ion
heating depends on electron-ion collisions, which are
relatively weak for low-Z plasmas. At the time of peak
scattering, the wavelength of the peak emission is red-
shifted ~3-7 A. In the fluid limit, the frequency shift of
SBS-scattered light Aw= 2k, (V"— C,), where kj, is the
laser wavenumber, C, is the ion sound speed, and VII
is the flow velocity parallel to the scattering vector;
hence the observed red-shift is evidence that the SBS
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FIGURE 2. Streaked spectrum of backscattered light from the /8
interaction beam. The plot shows temporal lineouts of the frequency-
integrated reflectivity (black line) and the interaction beam intensity
(gray line). The peak reflectivity is 0.015 and the peak intensity is
1=1.7 x 1015 W/cm2.  (10-01-0395-0653pb01)

spectrum is dominated by scattering from regions of
plasma where V< C,, as predicted by linear gain
analysis. In contrast, SBS spectra from lower-tempera-
ture, expanding targets® are routinely blue-shifted.

Figure 3 shows the peak SBS backscatter into the
lens as a function of intensity for f/4 and /8 interac-
tion beams (using an RPP smoothed interaction beam).
Peak SBS reflectivities with /8 interaction beams, which
closely match the NIF beam configuration, are <3% for
CgH,,-filled targets. Time-integrated reflectivities are
<1%. The scattering levels for all intensities are well
below the >30% reflectivities predicted by linear the-
ory. Reflectivity levels are not changed when four-color
bandwidth is added. This insensitivity to bandwidth
agrees with simulations1 only if ad hoc nonlinear
damping rates are imposed to match the measured
SBS reflectivity. At higher interaction intensities
(>2 x 101 W/cm?), the simulations indicate that fila-
ments form and scatter significant light outside the
lens cone. Experiments are planned to investigate the
angular distribution of the reflected light.

Peak scattering levels from f/4 interaction beams
are comparable to the /8 beams (1-2%). With SSD
bandwidth of 3.5 A, scattering from the interaction beam
is below the detection threshold of ~0.1%. The apparent
efficiency of SSD in suppressing SBS may be related to
the details of the speckle motion: with SSD, the hot spots
move in an effectively random way, whereas with four-
color smoothing the hot spot pattern exactly recurs in a
time 21/0w, where dwis the line separation.

/ f/8 one color
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0 | | |
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FIGURE 3. Peak SBS reflectivity into the focusing lens for f/4 and
/8 interaction beams, for an RPP-smoothed interaction beam. Filled
squares show f/8 shots, adding four-color bandwidth with 4.4-A line
separation. Reflectivities from f/4 shots with 3.5-A SSD bandwidth
(filled circles) were below the detection threshold.
(10-01-0395-0654ph01)
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The observation of similar reflectivities from single-
color /4 and /8 interaction beams at comparable
intensities is somewhat at odds with gain scaling cal-
culations. For these large plasmas, beam divergence
produces a significant drop in intensity (a factor of
~2 for £/8 and ~4 for f/4) across the scattering region.
This difference leads to larger calculated gain for /8
(Ggpg = 22) than for /4 (Gggg = 15) for the same inten-
sity at best focus. Several possible explanations for
these findings are under investigation, theoretically
and experimentally. For example, for the large gains
calculated for these targets, nonlinear saturation mech-
anisms may limit the amplitude of the ion waves
driven by SBS.3

High Levels of SBS

We observed only low levels of SBS when approxi-
mately duplicating the expected NIF conditions. We
used several Nova shots with /4 focusing to see if
truly significant levels of energy could be scattered at
more extreme conditions. We found that, with the
maximum Nova power, we could generate a high level
of SBS by removing all beam smoothing, and simulta-
neously removing H ions from the target. With no
beam-smoothing techniques employed, the interaction
intensity is difficult to define, making comparison with
theory difficult. The spot size continually increases as
the beam propagates from best focus, through the
LEH, through the gas, to the Au wall. Furthermore, the
unsmoothed Nova beams contain a substantial fraction
of their energy in localized regions of high intensity.

lons of H are particularly adept at damping the ion-
acoustic waves. Their low mass means that, at a given
temperature, their thermal velocities are higher than
those of more massive ions, and thus they are more
closely matched to the ion-acoustic wave’s phase
velocity. This enables them to draw energy away from
the wave, effectively damping it. To remove H from
the target, we used deuterated C:D,, gas.

Figure 4 shows the resulting time-resolved SBS
spectrum from this shot. Its features illustrate brief,

A-A, (A)
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FIGURE 4. streaked spectrum of backscattered light from the /4
interaction beam with no smoothing and from the fully deuterated
C;D,, gas target. In contrast to Fig. 2, the reflectivity is nearly 20%
and persists throughout the interaction pulse.  (10-01-0395-0655pb01)
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nearly unshifted scatter from the window-plasma
when the probe beam turns on followed by red-shifted
SBS. Unlike the data shown in Fig. 2, taken with
smoothed beams, the SBS persists throughout the
probe pulse. This shows that the (non-H) ions, in this
case, are ineffective at damping the acoustic wave.
Also unlike the smoothed beam data, the scattering
level is high. In this case, 18% of the probe energy was
scattered back into the /4 lens.

Partially as a result of these experiments, the NIF
target design now includes a small amount of H gas in
the hohlraum to add an increased safety margin to the
suppression of SBS.

Summary

We demonstrated low SBS reflectivity in NIF-relevant
gas-filled hohlraum experiments on Nova. These targets
approximately produced the calculated plasma conditions
and SBS gain coefficients for NIF targets. The interaction
beam mimics the NIF laser beam intensity, focusing, and
beam smoothing. The maximum time-dependent SBS
reflectivity is less than 3% for NIF-relevant conditions.
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